The spatial and temporal characteristics of the brain processes underlying memory retrieval were studied with both event-related potentials (ERP) and positron emission tomography (PET) techniques. Subjects studied lists of 20 words and then performed episodic (old/new judgment) or semantic (living/nonliving decision) retrieval tasks on multiple four-item test lists, each lasting 10 sec. The PET and ERP measurements at test were assessed in relation to both the task (episodic vs. semantic) and the item (old vs. new or living vs. nonliving). Episodic retrieval was associated with increased blood flow in the right frontal lobe (Brodmann Area 10) and a sustained, slowly developing positive ERP shift recorded from the right frontopolar scalp. Semantic retrieval was associated with increased blood flow in the left frontal (Area 45) and temporal (Area 21) lobes but no clear ERP concomitant. The two retrieval tasks also differed from each other in the ERPs to single items in an early (300 -500 ms) time window. Item-related comparisons yielded convergent results mainly if the retrieved information was relevant to the given task (e.g., old/new items during episodic retrieval and living/nonliving items during semantic retrieval). Episodically retrieved old items were associated with increased blood flow in the left medial temporal lobe and a transient increase in the amplitude of the late positive component (500 -700 ms) of the ERP. Semantically retrieved living items were associated with increased blood flow in the left frontal cortex and anterior cingulate and a transient late frontal slow wave (700 -1,500 ms) in the ERPs. These results indicate that the brain regions engaged in memory retrieval are active in either a sustained or transient manner. They map task-related processes to sustained and item-related processes to transient neural activity. But they also suggest that task-related factors can transiently affect early stages of item processing. Hum. Brain Mapping 13:104 -123, 2001. ᭜ PET and ERP Studies of Memory Retrieval ᭜ ᭜ 105 ᭜ ᭜ PET and ERP Studies of Memory Retrieval ᭜ ᭜ 107 ᭜ ᭜ PET and ERP Studies of Memory Retrieval ᭜ ᭜ 109 ᭜ * Mean latencies (in ms) relative to stimulus onset. Standard deviations in brackets. ᭜ PET and ERP Studies of Memory Retrieval ᭜ ᭜ 113 ᭜ ᭜ PET and ERP Studies of Memory Retrieval ᭜ ᭜ 117 ᭜ ᭜ PET and ERP Studies of Memory Retrieval ᭜ ᭜ 119 ᭜ ᭜ PET and ERP Studies of Memory Retrieval ᭜ ᭜ 121 ᭜
INTRODUCTION
In the past years, comparative interpretations of electrophysiological and hemodynamic studies [Rugg, 1998] have made important contributions to our understanding of the functional organization of memory retrieval. Together, the two modalities access the tim-ing and the anatomy of brain activity to an extent that is not yet possible by either technique alone [Heinze et al., 1994] . This allows a more complete characterization of processes engaged during episodic and semantic retrieval. One of the recent contributions of such comparative studies has been the characterization of sustained and short-lasting brain activity patterns as indices of task-related and item-related retrieval processes [Duzel et al., 1999; Rugg and Wilding, 2000] .
This paper describes in more detail the findings of a comparative event-related potential (ERP) and positron-emission tomography (PET) study that investigated task-related and item-related processes and their interaction during episodic and semantic retrieval [Duzel et al., 1999] . Task-related retrieval processes are established by task instructions and maintained throughout the duration of the task [Duzel et al., 1999] . During episodic retrieval, task-related processes index episodic retrieval mode, which, as formulated by Tulving in 1983 for the first time [Tulving, 1983] , is a neurocognitive set that allows subjects to think back to their personal past and treat items as retrieval cues to past events [Wheeler et al., 1997; Lepage et al., 2000] . In a typical experiment, episodic retrieval instructions ask subjects to think back to "microevents" of experiencing items in a study list and to decide whether a retrieval cue was part of such a microevent, for instance by making a recognition judgment. Item-related processes are elicited as a result of the interaction of old (studied) and new (presented for the first time) items that serve as retrieval cues with task-related processes and with preexisting semantic and/or episodic memories. Against the background of episodic retrieval mode, appropriate retrieval cues (old items) will lead to the recovery of stored episodic information, a situation referred to as ecphory [Schacter et al., 1978] . Because task-related processes are time-locked to the onset and the duration of the retrieval task they should have a sustained time course, whereas item-related processes should have a more transient time course coupled to the presentation of individual items.
PET measures neuronal activation by estimating local cerebral blood flow on the basis of detecting the concentration of radioactive-labeled 15 H20 [Fox et al., 1984] . Blood flow changes follow the patterns of neural activity by several seconds [Kim et al., 1997; Roland, 1993] . Present PET techniques record over periods of time of approximately 1 min and integrate the hemodynamic brain responses to many items. While this gives a spatially accurate image of neural activity, it does not distinguish among transient, sustained, or intermittent temporal patterns of activity. Event-re-lated potentials record the electric fields generated by active regions of the brain [Nunez, 1981; Vaughan and Arezzo, 1987] . Source analysis [Scherg and Picton, 1991; Picton et al., 1995; Scherg and Berg, 1996 ] allows us to model the neural generators for the recorded ERP fields and, by applying constraints as to what is physiologically and anatomically feasible [Achim, 1995] , to derive generators that are accurate within reasonable confidence limits [Miltner et al., 1994] . The comparative use of ERPs and PET might therefore lead to measuring both the when and the where of cerebral activation [Heinze et al., 1994] .
A number of PET and functional magnetic resonance imaging (fMRI) studies have measured brain activity during episodic and semantic retrieval using the subtraction method [for a review, see Cabeza and Nyberg, 2000] . A recent meta-analysis of four PET studies that used recognition as the episodic retrieval task [Lepage et al., 2000] revealed that increased blood flow in six brain areas could be contributed to episodic retrieval mode, five of which were in the prefrontal cortex including Brodmann Areas (BA) 10, 45/47, and 8/9. While these prefrontal areas were found bilaterally (with the exception of BA 8/9, which was found only on the right), they were clearly lateralized to the right hemisphere. This suggested that the so-called hemispheric retrieval and encoding asymmetry (HERA) pattern of cerebral blood flow according to which episodic retrieval elicits higher right hemispheric blood flow than encoding could be mostly contributed to task-related retrieval processes [Lepage et al., 2000] . Other brain regions have been reported to be activated during episodic retrieval, among which the dorsolateral prefrontal cortex [Henson et al., 1999] , the medial temporal lobes [Nyberg et al., 1996; Schacter et al., 1996; Lepage et al., 1998; Tulving et al., 1999] , the medial parietal and posterior cingulate regions [Krause et al., 1999; Maguire et al., 1999; Shallice et al., 1994] , and the parietal cortex are the most frequent. Semantic retrieval has also been investigated using PET and fMRI [for a review, see Cabeza and Nyberg, 2000] . One group of studies has reported activation patterns resulting from subtractions of a semantic retrieval task and a control task. These more task-related measurements of semantic retrieval included semantic categorization (e.g., does an item denote something living or nonliving) and generation tasks (e.g., word stem completion tasks, verbal fluency tasks). A consistent finding during semantic retrieval has been increased blood flow in ventrolateral (BAs 45/47) Demb et al., 1995] , ventromedial (BA 11) [Jennings et al., 1997] , and middorsal (BAs 9 and 46) Demb et al., 1995] areas of the left prefrontal cortex. PET studies that contrasted items from different semantic categories described higher blood flow for animals than for manmade tools in the temporal (BA 21) [Damasio et al., 1996] and medial occipital (BAs 18/19) [Perani et al., 1995; Martin et al., 1996] lobes and higher blood flow for manmade tools in the left prefrontal cortex and the left middle temporal gyrus [Martin et al., 1996] . These more item-related PET findings of category specific brain areas have been recently extended with fMRI [Ishai et al., 1999] .
ERPs have been used extensively to investigate neural correlates of memory retrieval . If the data are acquired with direct-coupled (DC) techniques [Rockstroh et al., 1989] , they can measure sustained neural activity lasting several seconds as well as transient neural activity in the millisecond time range. However, because DC recordings are technically difficult to perform, most ERP studies of memory retrieval have concentrated on measuring transient neural activity in the time range of several hundred ms. As with PET, ERPs elicited by repeated items have been compared to ERPs elicited by items presented for the first time . The difference, usually referred to as the ERP old/new effect, is typically a more positive ERP following the repeated words . It can be observed both when the retrieval task is implicit [Bentin and Moscovitch, 1990; Paller et al., 1995; Swick and Knight, 1997] and when the task is explicit [Rugg and Nagy, 1989; Wilding and Rugg, 1996; Duzel et al., 1997] . The effect can begin as early as 200 ms [Besson and Kutas, 1993] and last as late as 1,900 ms [Dü zel et al., 1997] . During this time, several separate ERP components can be distinguished on the basis of their scalp distribution. Recognition tasks that require a simple, twochoice old/new discrimination are mainly associated with two transient components of the ERP repetition effect, one in the time window of the so-called N400 wave (300 -500 ms) and one in the time window of the late positive component (LPC) (500 -800 ms) [Smith and Halgren, 1989] . They appear to be functionally dissociable in that the LPC effect is increased under conditions that are associated with a high probability of recollection, whereas the N400 effect is not [Paller et al. 1995; Van Petten and Senkfor, 1996; Rugg et al., 1998 ]. The N400 effect has therefore been associated with retrieval based on familiarity Curran, 1999] and knowing [Dü zel et al., 1997] rather than recollection and remembering whereas the LPC effect has been correlated with successful recollection [Wilding and Rugg, 1996] and with remembering [Dü -zel et al., 1997] . A third, long-lasting (400 -1,900 ms) ERP difference between old and new words is elicited over right frontal scalp areas in explicit tasks that require retrieving episodic information beyond that necessary to perform recognition ]. These tasks involve the retrieval of source information [Wilding and Rugg, 1996; Senkfor and Van Petten, 1998 ], associative recognition and recall [Donaldson and Rugg, 1999] , and "remember" or "know" judgments on the recognized words [Dü zel et al., 1997] . The timing of the right frontal ERP effect and the cognitive retrieval demands that increase it have led to the assumption that it is an index of postretrieval processes ].
Here we employed a design that allowed us to register the electrophysiological signature of sustained as well as transient neural activity during memory retrieval. To obtain more precise anatomical information, we used a similar design to record hemodynamic measurements with PET in the same subjects. The paradigm involved four-item test lists lasting 10 sec that required either episodic (old or new) or semantic (living or nonliving) two-choice discriminations. ERPs were averaged over periods of 10 sec to monitor the sustained activities occurring during the different tasks and over periods of 2 sec to monitor the transient neural activity of retrieving items from episodic or semantic memory. Source analysis was applied to compare the locations of the ERP source dipoles to the locations of PET activation.
EXPERIMENTAL PROCEDURES

Participants
Eleven healthy native English speakers (6 female), mean age 25 years (range: 19 -39), participated in the experiment after giving informed consent. All were right-handed and had no left-handed relatives in their immediate family. All had normal or corrected-tonormal vision. Seven of the subjects underwent the PET studies prior to the ERP recordings, and four underwent the ERP recordings first.
Stimuli
The stimuli were two sets of 480 nouns (one for PET and the other for ERPs), between 4 and 9 (average 5.7) letters in length, selected using the Oxford psycholinguistic database [Quinlan, 1992] . Half of the words represented living things (e.g., rabbit) and half nonliving things (e.g., sword). The stimuli were divided into 12 sets of 40 items. From each set, a study list of ᭜ Dü zel et al. ᭜ ᭜ 106 ᭜ 20 words (10 living and 10 nonliving) was selected. Ten different test lists comprising four stimuli were then constructed using four types of stimuli: the 10 studied living items, the 10 studied nonliving items, 10 new living items, 10 new nonliving items. Five of the test lists were used for episodic retrieval and the other five were used for semantic retrieval. Five more lists each containing four nonwords were used for a sensorimotor control task.
Experimental paradigm
Subjects were initially presented with a study list of 20 words. The words were presented in lowercase, in white, at the center of a black computer screen. They were 8 mm high and between 30 and 60 mm wide, and subjects were seated at a distance of 30 cm (vertical visual angle of 1.5 and average horizontal visual angle of 8.7 degrees). Each word was displayed for 1,700 ms and the stimulus onset asynchrony was 2,000 ms. During study the participants made a pleasant/unpleasant judgment about each word. These judgments were not recorded.
For the ERP studies, the test lists began 30 sec after the end of each of the 12 study lists. Each test list began with the task instructions, which were presented just above the center of the screen. These instructions preceded the first stimulus of the test list by 2 sec and remained until 2 sec after the last (fourth) stimulus. For episodic retrieval, subjects were instructed to decide whether the word was old (presented in the study list) or new (had not occurred before in the experiment). For semantic retrieval, subjects were instructed to decide whether the object represented by the word was living or nonliving. The four stimuli of each list appeared at a rate of one every 2 sec. They were displayed for 300 ms and replaced by a central fixation cross for 1,700 ms. Subjects responded to each stimulus by pressing one of two buttons with the index or middle finger of the right hand. Responses were accepted within 300 to 1,900 ms after the onset of the stimulus. Between each test list of four items, there was a period of 4,400 ms with only a central fixation cross on the screen until the next task instruction appeared. Participants were told that they could blink during this time. During the ERP recordings, the test lists were completely randomized as to the order of their appearance and the relative numbers of old/new and living/nonliving items within a list.
The paradigm for the PET studies of memory retrieval differed from that used for the ERPs. One study-test block was performed for each scan (eight in total). The number of study and test items in each block was the same as in the ERP study. The study list was presented prior to each scan followed by the test lists 30 sec later. As for the ERPs, the subjects performed multiple retrieval tasks using the four-item lists, but the random ordering of the tasks and the items was adjusted during the time of the scan. The onset of the first four-item test list was approximately 10 sec after the injection of the radioactive tracer and 20 sec prior to the start of image acquisition, which lasted for 60 sec. From 10 sec prior until 5 sec after acquisition, task and item distribution in the test lists was controlled such that only one task (episodic or semantic retrieval) was performed and 85% of the stimuli were of one item type. In that time window, subjects were presented with a total of 20 test items: 17 test items (85%) of the same property together with three items (15%) from a condition in which items had the opposite value on the two manipulated dimensions. Thus, old/living test items were mixed new/ nonliving items, old/nonliving with new/living, new/living with old/nonliving, and new/nonliving with old/living. Four scans were recorded for these four types of item types in which each four-item test list in the scanning window was coupled with an episodic retrieval task. Four other scans were conducted in which the same item-types were coupled with the semantic retrieval task. The test items and task instructions outside the scanning window constituted a random sequence of the 40 remaining words and letter strings and the two remaining tasks. The order of the first four scans was randomized across subjects, and for each subject, scans four through eight occurred in reverse order from the first four. An additional sensorimotor control task was also included in both the ERP and PET recordings to provide a baseline measure against which activations equally elicited for the episodic and semantic retrieval task could be detected. In this task the subject pressed one of the two buttons randomly in response to unpronounceable letter strings. Unfortunately, the subjects found this task much more demanding than it was supposed to be, and some subjects expended much effort to ensure that their responses were truly random and properly timed. Because the behavioral, ERP, and PET results were very variable from subject to subject, we decided not to include this condition in our analyses.
Behavioral methods
The reaction times for correct responses and the accuracy of performance were assessed using repeated measures ANOVAs. For task-related effects, a two-way ANOVA looked at the effects of task and the location of the stimulus in the test list. For item-related effects, the analysis considered old versus new responses in the episodic task and living versus nonliving responses in the semantic task.
PET methods
PET scans were obtained with a GEMS-Scanditronix PC2048-15B head scanner using a bolus injection of 35 ). The analysis involved the following steps: the different images from each subject were realigned to the first image using a rigid body transformation. These realigned images from each subject were then transformed into a standard space [Talairach and Tournoux, 1988 ] by matching to a reference image that already conforms to the standard space. These images were then smoothed using an isotropic Gaussian kernel with full-width/half-maximum of 15 mm. The effects of the conditions (cognitive tasks) on the regional cerebral blood flow at each voxel were then estimated using a general linear model, wherein the changes in global counts are considered as a covariate [Friston et al., 1991 [Friston et al., , 1995 . The effects of each comparison are estimated using linear contrasts. These contrasts yield a t-statistic for a given comparison at each voxel, which is usually expressed as a standardized Z score. An activation was considered significant if its peak had a Z Ͼ 3.1 (P Ͻ .001, uncorrected), and its spatial extent (i.e., the number of voxels above the significance level) had a probability smaller of .05 (no correction necessary). The subtractions were performed in a reciprocal manner (i.e., old minus new and new minus old) in order to demonstrate the increased blood flow associated with either of the two conditions.
ERP methods
EEG signals were recorded with Neuroscan Synamp DC amplifiers from 35 scalp Ag/AgCl electrodes mounted in a cap (Electro-Cap International) and 11 additional electrodes located near the eyes and on the mastoids and neck. The interelectrode impedance was kept below 2 kOhm to prevent skin potential artifacts by using abrasion with a blunt needle for scalp sites and puncturing with a fine needle for facial sites [Picton and Hillyard, 1972] . Recordings were made with a low-pass filter of 35 Hz and a digitization rate of 200. All signals were referenced to Cz during acquisition and transformed to an average reference for analysis. Trials containing large artifacts caused by blinks, excessive muscle activity, and blocking of the DC amplifiers were rejected from further analysis using a criterion of Ϯ600 V. ERPs were combined across the 12 study-test blocks. List ERPs were separately averaged for the episodic and semantic retrieval tasks, using only trials with at least three (of four) correct responses. The number of trials per subject contributing to the list ERP for each task varied between 40 and 60. The averaging sweep began 500 ms before the instructions and lasted 10,000 ms. Stimulus ERPs were separately averaged for the old and new words presented in the episodic and semantic retrieval task, using only correct trials. The averaging sweep began 200 ms before each stimulus and lasted 1,700 ms. The number of trials per subject contributing to the stimulus ERP for each item varied between 160 and 220. The averaged data were then converted to the data format of Brain Electric Source Analysis [Berg and Scherg, 1994] . Artifacts caused by eye movements and blinks were removed from the averaged ERP waveforms using ocular source components [Berg and Scherg, 1991; Lins et al., 1993] derived from data obtained in a separate recording of vertical and horizontal eye movements and blinks that preceded the experimental recording.
ERPs were analyzed by measuring peak and mean amplitudes and peak latencies. For list ERPs, mean amplitudes were measured in a time window from 4,000 to 9,500 ms. Peak amplitudes relative to the preceding and following negative peaks and latencies of the late positive component (LPC) were measured separately for the first, second, third, and fourth word in the lists, collapsing over item type. The results of this analysis are reported in Dü zel et al. [1999] . For stimulus ERPs, mean amplitudes were measured in the N400 (300 -500 ms), the LPC (500 -700 ms), and late slow wave (LSW, 700 -1500 ms) time windows. Peak amplitudes and latencies were measured for the P300, N400, LPC, and LSW in the stimulus ERPs. Topographic distributions of the voltage and the current source density (estimated from the second spatial derivative of the voltage distribution) were obtained using the Brain Electric Source Analysis software [Berg and Scherg, 1994] .
ANOVAs for the effects of task and item on the stimulus and list ERPs were analyzed at the electrodes where the measurements were largest. For the stimulus ERPs, these were four anterior frontal electrodes (AF3/AF4, Fp1/Fp2) and four central (C3/4, FC1/2) and four parietal electrodes (P3/P4, PO3/PO4). For list ERPs, four dorsolateral frontal electrodes (F3/4, FC5/6) were included instead of the central electrodes. Separate ANOVAs were conducted to analyze experimental effects and topographical distributions. For the experimental effects on stimulus ERPs, threeway ANOVAs with the factors task (episodic, semantic retrieval), item (old, new), and electrode were conducted separately for anterior, central, and posterior electrode groups, with each analysis considering four electrodes. For topographical analyses of stimulus ERPs, the measurements were normalized (over all electrodes) to remove confounding effects of the experimental manipulation [McCarthy and Woods, 1985] and fourway ANOVAs were conducted with the factors task (episodic, semantic retrieval), item (old, new), laterality (left, right), and location (anterior, posterior). For list ERPs, the same analyses were conducted except that there was no item factor and dorsolateral frontal electrodes were included. Statistical analyses of peak latencies were performed at the electrode Pz, with a two-way ANOVA with the factors task and item. All ANOVAs were carried out using the Greenhouse-Geisser correction for inhomogeneity of variance.
To make the statistics of the ERP data more comparable to that of the PET data (PET analysis applies a fixed effects statistical model to the data in which subject x condition interactions are not employed in the error term, whereas the conventional ANOVA used for the ERP data treats the subjects as a random effect), and to take all electrodes into account, multiple t tests were computed for every electrode site and the resulting alpha values were Bonferroni corrected for multiple comparisons according to a procedure reported by Hopf and Mangun [2000] . Because close electrodes probably pick up correlated cortical activity, the underlying true degree of statistical independence among electrodes is estimated by considering the number of principal components, explaining 95% of the variance over all subjects and experimental conditions in the time window of interest. By applying this correction, alpha values were lowered from .05 to .012. To illustrate the statistical results significant P values resulting form the t test at each electrode were mapped using a nearest neighbor interpolation.
Source analysis of the ERPs
The source analysis for the ERPs was conducted in relation to the anatomical locations provided by the PET scans. The PET images showed differences in blood flow between conditions (episodic vs. semantic tasks, old vs. new items, and living vs. nonliving items). We therefore analyzed difference waveforms obtained by subtracting the list ERP recorded in the semantic task from that recorded in the episodic task. This task difference waveform displayed long-lasting potentials. Item difference waveforms were obtained by subtracting the stimulus ERP for the new item from the stimulus ERP for the old item and by subtracting the stimulus ERP for the nonliving item from the stimulus ERP for the living item. These waveforms displayed transient waves lasting between 100 and 500 ms. Source analysis was performed using Brain Electric Source Analysis (BESA) [Scherg and Berg, 1994] . The difference waveforms were modeled using regional dipole sources [Berg and Scherg, 1996] , the locations of which were fit to give a minimum residual variance between the modeled and the actual scalp waveforms. The orthogonal constraints of the components of this source were then removed and the orientations fitted to determine whether the three-dipole regional source could be replaced with fewer dipoles. We generally used two regional sources and adjusted the fitting criteria to minimize the total current in the generators (energy criterion, 20%) as well as the residual variance. Sources that localized to areas that were nearly symmetrical in location between the hemispheres were arbitrarily made symmetrical. If the dipole moments in the symmetrically located sources were asymmetrical, we evaluated the possibility of using only one of the sources to explain the scalprecorded activity. Because the analysis was modeling difference waveforms, which do not have as good signal-to-noise characteristics as unmanipulated ERPs, and because the goal was to look for a small number of sources for relation to the foci of activity measured in PET, we derived solutions with only one or two sources rather than more complex solutions. BESA fits a sphere to the shape of the skull and uses a coordinate system based on the center of the sphere rather than on the anterior commissure as in Talairach and Tournoux [1988] . The BESA locations were therefore converted to approximately the same locations as the PET data by adding 19 mm to the y dimension (the approximate distance between the anterior commissure and the center of the sphere) [Towle et al., 1993] . We also performed the source analyses by "seeding" sources at the locations of the areas of activation shown on the PET scans [Heinze et al., 1994; Mackinnon et al., 1996] . The source waveforms were very similar to those obtained by fitting only on the basis of the electrical data, but these sources at these locations did not fit the data as well as those derived from the electrical analyses. To allow the electrical data to be as independent as possible of the blood flow data (and therefore to make any relationships more powerful), we elected to use the sources obtained solely on the basis of the electrical recordings. Figure 1 shows the list ERPs for the episodic and semantic retrieval tasks. The displayed epochs start 500 ms prior to and end 9.5 sec after the onset of the presentation of each task instruction. Transient ERPs elicited by each word are superimposed on slow DC shifts lasting through the test list. In both tasks there is a sustained negative DC shift during the list that is maximally recorded over the left frontocentral regions. Compared to semantic retrieval, episodic retrieval was associated with more positive DC shifts over right fronto-polar electrodes and more negative DC shifts bilaterally over parietal electrodes. This positivity started with the onset of the task cue, increased until the presentation of the second word in the test list, and stayed constant between the second and the fourth word. A significant main effect of task was found in the time window 4.0 -9.5 sec for anterior electrodes (F(1,10) ϭ 5.2, P Ͻ .05) and approached significance for posterior electrodes (F(1,10) ϭ 4.3, P ϭ .06). Figure 2 shows the topography of the DC shifts in each of the experimental conditions and in the difference waveform. Statistical analysis of topography in the 4.0 -9.5-sec time window showed a significant task X location interaction (F(1,10) ϭ 5.7, P Ͻ .05) when location included anterior and posterior electrodes. When location included anterior and dorsolateral frontal electrodes, the same ANOVA showed a significant task X location (F(1,10) ϭ 4.9, P Ͻ .05) and task X location X laterality interaction (F(1,10) ϭ 5.6, P Ͻ .05) indicating that the DC-shifts were larger over the right anterior frontal regions during episodic retrieval. Figure 1 also illustrates that the DC-shift difference between the episodic and semantic task extends to the eye (L01 and I02) and face (F10) electrodes. Because these electrodes cannot be used for creating maps, statistical t-test maps underestimate the extent of the DC-shift difference between the two tasks and were not considered. Figure 3 shows stimulus ERPs elicited by all items in the two tasks. The displayed epochs start 200 ms prior to and end 1,500 ms after the onset of each word. In the ERP waveforms, five major components can be seen: P100, N200, P280, N400, LPC, and a late slow wave (LSW). Of these, the P280, N400, LPC, and LSW were significantly affected by experimental manipulations. The topography of the difference waveforms that results from the subtraction of ERPs elicited by old minus ERPs is illustrated in Figure 5 .
RESULTS
ERP results
List ERPs
Stimulus ERPs
The peak latencies (Table I) of the N400 and the LPC were significantly later for new items in both tasks (F(1,10) ϭ 5.5, P Ͻ .05 and F(1,10) ϭ 11.8, P Ͻ .01, respectively), but the latencies showed no task effects or task by item interactions.
The amplitude in the 300 -500 ms time window at posterior electrodes was significantly more positive (with a phase reversal at frontopolar electrodes) during the episodic than the semantic task (F(1,10) ϭ 8.5, P Ͻ .05) irrespective of item type (Fig. 3) . Topographic analysis indicated that this effect was larger over the right hemisphere (F(1,10) ϭ 6.2, P Ͻ .05). Significant old/new item effects were observed for the N400 and the LPC, but a significant interaction between task and item was apparent for the LPC only (Fig. 4) . The N400 was more positive for old than for new items in both tasks (F(1,10) ϭ 7.95, P Ͻ .05 in the semantic task; F(1,10) ϭ 4,9, P Ͻ .05 in the episodic task). The LPC was larger for the old items than for the new items, and this effect was much more prominent during the episodic task (F(1,10) ϭ 5.2, P Ͻ .05) and at posterior electrodes, where the wave was maximally recorded (F(1,10) ϭ 17.7, P Ͻ .01). Topographic analysis indicated that this wave was larger over the left hemisphere at posterior electrodes (F(1,10) ϭ 6.7, P Ͻ .05).
Statistical t-test maps (Fig. 6) illustrate the distribution of the old/new item effect in the N400 and the LPC time windows in the episodic and semantic task. It can be seen that the N400 old/new difference in shifted more anteriorly in the semantic task. The LPC Scalp distributions of the slow potential shifts during the different retrieval tasks. This figure shows the spline-interpolated scalp distributions of the voltage and current source density (CSD) measured between 4,000 and 9,500 ms after the cue instructions for the task. The continuous lines represent contours at negative voltages and the dashed lines represent contours at positive voltages. The scalp is viewed from above with the nose at the top of the figure. The outer edge of the circle shows the scalp down to 20 degrees below the "equator" of the idealized sphere, i.e. down to about the level of the mastoids. The unsubtracted measurements show a clear left frontocentral negativity in both the episodic and the semantic task. The episodic task shows an additional right frontal positivity. This shows up more clearly when the difference waveforms are mapped (right column). ᭜ PET and ERP Studies of Memory Retrieval ᭜ ᭜ 111 ᭜ old/new difference is found only in the episodic task and shows a left parietal distribution. Figure 7 shows the ERPs to words denoting living and nonliving things. Significant living/nonliving item differences were found in the N400 time range (F(1,10) ϭ 6.13, P ϭ Ͻ .05) and in a sustained late time window (700 -1,500 ms) (F(1,10) ϭ 5.48, P ϭ Ͻ .05). These differences were elicited only in the semantic but not the episodic retrieval task (task by item inter-action: N400 time range: F(1,10) ϭ 8.2, P ϭ Ͻ .05; late time window: F(1,10) ϭ 7.35, P ϭ Ͻ .05).
Statistical t-test maps (Fig. 6) illustrate the distribution of the living/nonliving item difference in the very late time window (700 -1,500 ms) in the semantic retrieval task (no differences were found in the episodic retrieval task). It can be seen that the two-item categories elicited different ERPs at fronto-central and occipital-posterior scalp sites. 
PET activations and their relation to ERP source analysis
Regions showing significant task-related and itemrelated PET activations are shown in Figure 8 . Table II summarizes the corresponding coordinates together with the results from the ERP source analysis of the related ERP difference waveforms.
Episodic retrieval was associated with higher blood flow in right posterior cingulate (a) and right frontopolar (b) regions, whereas semantic retrieval was related to blood flow increases in left frontal (c) and left temporal (d) areas (Fig. 8) . Figure 9 shows the related results of the source analysis of the difference waveform obtained by subtracting the semantic list ERP from the episodic list ERP. A source in the right frontal lobe accurately modeled the right frontal positive shift. This source could be obtained by fitting a single regional source to the difference waveform (either directly or after low-pass filtering at 1 Hz) and then rotating one component of this source to fit the recorded data by simply fitting one dipole, or by fitting symmetrical dipoles (the left frontal dipole showing little activity). The location of the left frontal source was deeper than the location of the right frontal activation (b) in the PET analysis. The small deflections on the DC shifts (caused by differences in the LPC between the two tasks) could be modeled by symmetrical dipoles in the medial temporal regions. These sources were fit over the 500 -700 ms latency period following each of the last three items.
Item-related PET activations (Fig. 8 , Table II ) differed depending on the task during which they occurred and the type of item. During the episodic retrieval task, old items were associated with increased neural activity in the left medial temporal lobe (e, f), while new items were not associated with significant blood flow increases. The ERP difference waveforms (old minus new) in the episodic task were reasonably well explained on the basis of a source in the left medial temporal regions (Fig. 10) , with a location (Table II) similar to the PET activation in the medial temporal region (e). Bilateral symmetrical sources explained the data better (decreasing the residual variance by approximately 1%), but for the sake of simplicity, the figure shows the results of fitting with one source. The waveforms for the bilateral sources were very similar with the amplitude of the left-sided source waveform being about half as large as that on the right. During the semantic retrieval task (Fig. 8) , old items were related to increased neural activity in the right prefrontal cortex (g, h), and new items were associated with activations in bilateral ventromedial temporal regions (i, j), left temporal (k), and right anterior cin- Figure 6 . Statistical maps of t tests for ERP mean amplitudes. (A): Maps of t tests between ERPs to old and new words elicited between 300 -500 ms in the episodic task. (B): The same comparison for the semantic task. (C): Maps of t tests between ERPs to old and new words elicited between 500 -800 ms in the episodic task (the corresponding comparison for the semantic task did not yield any significant effects). (D): Maps of t tests between the ERPs to living and nonliving words presented in the semantic retrieval task (the corresponding comparison for the episodic task did not yield any significant effects). The maps are derived from the alpha-values obtained from t tests at each of the 46 electrodes using a nearest neighbor interpolation of four neighboring electrodes. Left-sided maps provide a view from above, right-sided maps a view from the back. ERP differences are significant at an alpha value of 0,012 (see Methods for the Bonferroni correction procedure). (94) gulate (l) regions. Source analysis of the ERP difference waveforms for old and new items in the semantic task was quite difficult as the waveforms were of low amplitude (Fig. 11) . The early part of the difference waveform could be explained by the same medial temporal source as in the analysis of the episodic task difference waveforms (e). However, the later parts of the waveform derived from different generators: the analysis settled on bilateral sources in the temporooccipital regions with a single right-sided source explaining the data reasonably well. The location of this source (Table II ) was similar to that of the right medial temporal activation on the PET scans (i).
The item-related effects on the living/nonliving dimension during the semantic task (Fig. 8) indicated PET activations in the left anterior cingulate (m) and left frontal (n) regions for the words denoting living things compared to those denoting nonliving things. The source analysis of the living/nonliving difference waveform suggested a deep-seated source in the frontal midline (Fig. 12) . This source may have represented the combined activity of multiple areas in the frontal regions, but it was impossible to distinguish these since the electrical activity did not vary its topography over time. The source location (Table II ) was closest to that of the anterior cingulate activation on the PET scans (m).
DISCUSSION
This experiment used two different techniques to measure neural activity during memory retrieval. In some instances, the two techniques provide complementary information. In other instances there are discrepancies: areas of activation on the PET scan do not appear to have concomitant ERP activities and vice versa. These discrepancies may arise from the different physiological bases of the two measurements, from the algorithms used in the measurements, and from the fact that the recordings were made at two different times and used slightly different stimulus paradigms. Despite the difficulties in relating findings between the techniques, our results show some clear homologies between PET and ERP and allow us to outline some new ideas about the spatial and temporal organization of neural activity associated with memory retrieval. 
Task-related neural activity
We found sustained shifts in the DC potential associated with the episodic retrieval task (Fig. 1) . Figure 1 displays the extent of the shift over a larger set of electrodes than shown in a previous report [Duzel et al., 1999] . Transient neural activities, apparent in the ERPs elicited by single items, are superimposed on these sustained shifts. Sustained DC shifts lasting throughout the task have not been previously reported in association with episodic retrieval. We believe that we were able to detect them because we used DC recordings and because our ERP paradigm allowed the subject to set up specifically for episodic retrieval during the 10-sec period of the task.
To achieve convergence between the PET and ERP data, differences between the DC shifts elicited during episodic and semantic retrieval tasks were of particular interest. The most prominent difference was found over the right frontopolar scalp. Episodic retrieval was associated with a sustained positive shift over right frontopolar electrodes, but semantic retrieval was not. The right frontopolar scalp-topography (Fig. 2) of this shift was compatible with a neural generator in the right frontal Area 10 as depicted by the PET subtraction of episodic minus semantic retrieval (Fig. 8 ). Our source analysis indicated a dipole source that was located deeply in the right frontopolar region (Fig. 9 ). This probably represents the equivalent dipole for the curved and more superficially located cortex [Picton et al., 1995] . Based on this convergence between PET and DC measures, we can consider the activity of the Area 10 to begin at the onset of the episodic retrieval task and to last through the duration of the task.
Two other possibilities might be considered. The cerebral blood flow is related to the accumulation of potassium ions and/or other molecules in the extracellular spaces and in the glia when neurons are active [Roland, 1993] . Because the accumulation of potassium ions in glia can cause slow electric fields [Somjen, 1973] , it is possible that the slowly developing DC shift during the task represents in part the same process (and time course) as the increased cerebral blood flow. It might then follow after and/or integrate intermittent bursts of neural activity rather than portray a sustained activity. We think that this possibility is unlikely because of the improvement in episodic recall as the DC shift develops [Dü zel et al., 1999] . It prob- Figure 8 . PET blood flow differences obtained from the task-related and item-related comparisons are displayed in the form of SPM contrasts. The letters mark activations in reference to Table II. ᭜ PET and ERP Studies of Memory Retrieval ᭜ ᭜ 115 ᭜ ably takes several seconds for the subject to adjust to the necessary mind-set for episodic retrieval and this fits well with the time course of the developing DC shift. Furthermore, other regions of the brain where there is repeated activity during this paradigm, such as the visual cortices, do not show such a sustained DC shift.
Another possibility is that the overall DC shift during episodic retrieval is caused by the superposition of prolonged slow waves evoked transiently by each item in the test list. Such slow waves might be associated with neural activity underlying the conscious evaluation of each item [Mangels et al., 1996] . This type of slow wave is seen in the frontal regions in association with processing the living items in the semantic task (Fig. 7) . However, the stimulus ERPs (recorded over a 2-sec period), when collapsed over all item types, did not reveal task-related ERP effects of this type in the frontal regions. Figure 3 illustrates that transient differences between the episodic and the semantic retrieval task in the stimulus ERPs were limited to the N400 time window. Topographically, this transient task-related ERP effect was larger over the right hemisphere but did not show the frontopolar maximum of the sustained task-related DC shift.
The close relationships of the right frontopolar DC shift to the onset and duration of the task and to the efficacy of performance [Dü zel et al., 1999] indicate that the right prefrontal region mediates a neurocognitive set for the task of episodic retrieval. The activity of the associated PET activation in Area 10 can thus be related to episodic retrieval mode as a task-related process.
In a recent meta-analysis, Lepage and colleagues [2000] reported six brain regions whose activation pattern fulfilled their definition of episodic retrieval mode: "i) becomes differentially activated during attempted retrieval of past events and ii) does so independently of the level of ecphory." In the present study we have extended this definition by including time course as an additional dimension. We proposed that a sustained time course is a requirement for taskrelated processes such a retrieval mode. However, the transient task-related effects on stimulus ERPs (Fig. 3) illustrates that task-related brain activity patterns can Figure 9 . The results of source analysis of the task-related ERP effects. Sample waveforms recorded from the scalp are shown in the left column. The arrows point to the sustained positive shift over the right frontal region and the late positive waves recorded at the parietal electrode with each stimulus. The time courses of activity in the two derived sources are shown in the middle column. The first source increases its activity over the recording whereas the second source is active intermittently following the instruction cue and each of the words in the test list. The residual variance (RV) between the modeled activity and the recorded activity is shown in the right column together with the global field power (GFP) of the recorded activity. To allow comparability to Figure 8 , the locations (Talairach coordinates are listed in Table II ) and orientations of the derived sources are shown in an anatomical reference frame adopted from SPM.
Figure 10.
Source analysis of the item-related difference waveforms of ERPs elicited by old minus new words in the episodic retrieval task. The figure is set up in the same way as in Figure 9 . The arrow in the left column indicates the difference in the late positive wave recorded maximally at the midparietal electrode. also be measured on a short time scale in early stages of stimulus processing. We therefore propose that task-related processes can be dissociated into sustained, so called state-related [Lepage et al., 2000] as well as transient patterns of brain activity, which still need to be determined and characterized. The possibility should therefore be considered that some of the regions reported by Lepage and colleagues [2000] as retrieval mode regions have a transient time course of activity. One possible functional interpretation of the transient task-related ERP effects could be that they reflect early gating of item processing into the episodic and semantic memory systems.
The lack of a left hemispheric difference in the DC shifts for the semantic and episodic retrieval task stands in contrast to the left frontal and temporal blood flow differences between semantic and episodic retrieval on the PET data (Fig. 8) . The location of the PET blood flow increase involved the part of Area 45 that is folded inwardly, involving two opposing cortical layers. Electrical fields generated in opposing layers of Area 45 would tend to cancel each other because of the opposing polarities generated by each side of the sulcus. This might explain why DC shifts did not differ for episodic and semantic retrieval. However, both tasks were associated with a prominent negative DC shift over the left frontal scalp electrodes ( Fig. 1, electrode F3) , which might represent some general supervisory or linguistic process common to the two retrieval tasks [Rö sler et al., 1995] and/or the motor activity involved in pressing the button with the right hand and maintaining the hand in readiness to respond.
Item-related neural activity
Transient neural activity was measured in relation to the presentation of single items. While the best convergence between ERP and PET findings was obtained for item comparisons that were separately performed for episodic and semantic retrieval, it was better for old and new items presented during episodic retrieval and living and nonliving items presented for semantic retrieval, but not vice versa. The Only subtractions that yielded significant PET activations are listed. BA ϭ Brodmann area. The coordinates are from the atlas of Talairach and Tournoux (1988) , where x, y, and z correspond to the right-left, anterior-posterior, and superior-inferior dimensions, respectively. The letters in the figure columns refer to the location of the PET activations depicted in Figure 8 . The coordinates for the ERP sources are displayed in the same row as the closest PET activations. Distances of the ERP sources from the PET activations are calculated as the square root of the sum of the squares of the distances in each of the three dimensions.
information of being old or new is relevant during episodic but not semantic retrieval, and the information of being living or nonliving is relevant during semantic but not episodic retrieval. Therefore, the convergence between transient ERP responses and PET data is best if the comparisons are related to the type of information that is relevant within a given task. To account for this finding, we will discuss the convergence of ERP and PET separately for task relevant and irrelevant item-information.
Episodic retrieval and relevant item-information (old/new)
As in previous studies, old words elicited transiently more positive ERP from 300 to 700 ms during episodic retrieval (Fig. 4) , and they also induced increased blood flow in the Areas 28 and 36 of the left medial temporal lobe (Fig. 8 ). The old/ new effect on the LPC and the blood flow difference in the left medial temporal lobe, showed a task X item interaction, indicating that they were significantly less prominent during semantic retrieval. The source analysis (Fig. 10) of the LPC portion of the old/new difference waveform suggested a neural generator in the left medial temporal lobe or generators in both medial temporal lobes, with greater activity on the left. Our comparative hemodynamic and electrophysiological data provide support for previous assumptions that the left medial temporal lobe contributes to the generation of the LPC effect of recognition [Smith and Halgren, 1989] .
In a series of recent studies, late (1,400 -1,900 ms) right frontal ERP differences between old and new words have been reported ]. These studies had in common that in addition to recognition they required the retrieval of more specific episodic information. Typically, recognition was followed by a second decision such as a remember/know judgment [Duzel et al., 1997 ], a judgment on the specific episodic context in which a word was presented Rugg 1996, 1997; Allan et al., 1998; Senkfor and Van Petten, 1998 ] and/or associative cued recall [Donaldson and Rugg, 1999] . Given the cognitive demands of these paradigms it has been proposed that one aspect of such right frontal activity may be related to postretrieval processes that follow recognition and act on the products of initial retrieval ]. The relative rapidity and simplicity of our recognition task may not have entailed significant postretrieval processing of the recognized words. It is therefore not Figure 11 . Source analysis of the item-related difference waveforms of ERPs elicited by old minus new words in the semantic retrieval task. The figure is set up in the same way as in Figure 9 . The arrows in the left column indicate the difference in the late positive wave recorded maximally at the midparietal electrode and the late slow wave recorded as a negative deflection at the occipital electrode. surprising that a late right frontal ERP difference between old and new words in the episodic task did not occur in the present investigation.
Episodic retrieval and task-irrelevant item information (living/nonliving)
The distinction of living and nonliving item is not relevant for episodic retrieval. PET showed significant activations, which distinguishes this type of item information (Table II) even if the subject performed an episodic retrieval (old/new discrimination). Concurrent ERP effects were subtle and confined to the N400 time window only (Fig. 6 ).
Semantic retrieval and task-relevant item-information (living/nonliving)
The task-relevant item-related information retrieved in the semantic retrieval task concerned the differences between words denoting living and nonliving things. This type of information is essentially different from that retrieved in the episodic task in that equivalent information (the living or nonliving attribute of the thing) was retrieved from memory for both types of items. In the episodic task, pertinent item-related information (about recent prior experience) was only retrieved for old items. Prominent ERP effects distinguished the living and nonliving words during semantic retrieval in N400 as well as in a late (700 -1,500 ms) time window (late slow wave, LSW) ( Fig. 7) . Both ERP effects showed an interaction with task type. In PET (Fig. 8) , prominent anterior cingulate and left frontal activity differences were found between living and nonliving items presented for semantic retrieval. The two data sets partially converged in the source analysis ( Fig. 12) : the LSW could be modeled by a generator in the vicinity of the anterior cingulate gyrus.
Recent imaging studies have reported category-specific brain regions for animate and inanimate stimuli [Damasio et al., 1996; Perani et al., 1995; Martin et al., 1996; Caramazza and Selton, 1998 ]. Insofar, the ERP differences between living and nonliving things found here suggest that it might be possible to detect these differences in category representation also with ERPs. But it is unclear why in our experiment a prominent interaction between the living/nonliving discrimination and task emerged, both in the N400 and in the LSW time window. If either of the ERP differences is an index of category-specific representation it should be similar across tasks. One reason for the interaction could be that the two categories were not easy to distinguish in our experiment because they were not "pure" in entailing unambiguously to categorize living (for instance animals) and nonliving (for instance tools) things. Creating such pure categories was not possible because of the large number items that had to be selected for the ERP and the PET study. A possible explanation of the differences between living and nonliving items both with PET and ERPs could therefore be uncertainty about the decision when the word denotes something living.
Semantic retrieval and task-irrelevant item information (old/new)
Although the old/new distinction was not relevant to the semantic retrieval task, there were prominent hemodynamic differences between old and new items. New items elicited increased blood flow in the right medial temporal lobe (Area 28), the left temporal lobe (Areas 38/37), and right anterior cingulate (Area 24) ( Fig. 8 ). Old items elicited higher blood flow in the Areas 45/46 of the right dorsolateral frontal lobe (Fig.  8) . In contrast to the prominent PET effects, ERP indices of item-related old/new differences were subtle. Old items elicited more positive ERPs in the N400 time window (300 -500 ms) and more negative ERPs later on (700 -900 ms) (Fig. 4) . The prominent modulation of the LPC by old words that was found in the episodic retrieval task was absent in the semantic task. The sources obtained for the old/new difference in the semantic task should be interpreted with caution as the amplitudes are very small (Fig. 11 ). The finding that item type (old vs. new) interacted with task instructions (episodic vs. semantic) in the case of the LPC (but not the N400) effect is consistent with the view that the former reflects recollection whereas the latter reflects familiarity ; see also Donaldson and Rugg, 1999] . This view is supported by evidence that the N400 effect partly reflects implicit memory whereas the LPC effect reflects explicit memory [Van Petten and Senkfor, 1996; Rugg et al., 1998 ]. The statistical t-test maps (Fig. 6 ) of the N400 old/new difference show that the difference shifts anteriorly in the semantic when compared to the episodic retrieval task. This indicates that the topography of the N400 old/new effect differs under explicit (episodic retrieval) and implicit (semantic retrieval) conditions.
Caveats and new directions for convergence
Transient ERP effects were most prominent for those types of items that were relevant for the particular task, e.g., old and new items presented for epi-sodic retrieval and living and nonliving items presented for semantic retrieval. In contrast, PET measurements depicted prominent blood flow differences between types of items even if they are not relevant to the task. Why are changes in neural activity induced by irrelevant item types visible in one but not the other technique? We propose two accounts. First, in the PET measures, irrelevant and relevant types of items had to be transiently separated (blocked for the duration of the scan), while they were randomly intermixed in the ERPs. This might have led to changes in the experimental context, leading to discrepancies between the PET and ERP measures [Schacter et al., 1997] . A second explanation is that when subjects perform the episodic and semantic retrieval tasks, neural activity associated with the taskrelevant information may be temporally more timelocked, less "jittered" with respect to the onset of the item, than it is if information is not relevant to the task. Measuring such jittered neural activity electrically would diminish the ERP amplitude associated with old and new words during semantic retrieval and living and nonliving words during episodic retrieval. Because time locking has little effect on the hemodynamic measurements, PET may show similar activations when the items are task relevant or not.
Our results suggest that memory retrieval is associated with a task-related sustained activation of the right frontal cortex and an intermittent activation of the medial temporal regions, particularly on the left, as item-related information is retrieved. But, they also suggest that task-related processes can operate transiently at early stages of stimulus processing. Conversely, there is now evidence that item-related patterns of brain activity can be associated with sustained changes caused by the particular sequence in which items are presented [E. Duezel and H.J. Heinze, unpublished research] .
The convergence of the electrical and the hemodynamic measurements reported here was not perfect enough to resolve these issues entirely by delineating for different brain regions their precise time course. New developments in electrical source analysis [Dale and Sereno, 1993; Picton et al., 1999] should allow both sets of data to be recorded and analyzed in single subjects using the same MRI-based model of the head. New developments in the measurement of cerebral blood flow with fMRI will allow paradigms more akin to those used in ERP studies [Buckner et al., 1996; Zarahn et al., 1997; Josephs et al., 1997] . The spatial resolution of ERP studies is becoming more precise and the temporal resolution of fMRI is becoming more exact [Menon et al., 1998 ]. It is doubtful that either will attain the characteristics of the other, but the convergence will become easier. In the future, we should be able to make blood flow and electrical recordings simultaneously and analyze both in the same image space.
CONCLUSION
Taking into account the existence of spatially distinct sustained and transient processes in memory retrieval allowed us to compare spatial information from PET with temporal information from ERPs. The convergence between the two techniques was better when the retrieved information was relevant to the current task set. The convergence indicates that brain regions can be active in either a sustained or a transient way during memory retrieval. Here we linked sustained activity in the right BA 10 to episodic retrieval mode. It remains to be determined in future studies to what extent sustained and transient activity patterns map onto components parts of task-and item-related processes.
